Abstract-Under some circumstances, conventional power system stabilizers (PSS) suffer shortcomings and cannot enhance small-signal stability of the power systems especially when it comes to inter-area oscillation damping. This along with the advanced technology in phasor measurement units (PMUs) has lead to an increasing interest in developing global controllers using wide-area measurements to solve the deficiencies of local PSSs. The focus of this paper is to use fuzzy logic principles to develop supervisory power system stabilizers (SPSS) to enhance damping of inter-area oscillations to improve stability and reliability of power systems subjected to disturbances.
INTRODUCTION Small-signal (rotor angle) stability of power systems has been a major issue for power system engineers since the early days of interconnecting the widely dispersed power sources and loads. Of interest, it is the damping of electromechanical oscillations to ensure secure and stable operation of power systems. Electro-mechanical oscillations can take many forms two of which are mostly distinct and recognized for control and analysis of power system stability: local and inter-area oscillations. Local oscillations occur when one generator(s) in one area swings against the rest of the system at frequency typically between 0.8-2.0 Hz. Inter-area oscillations involve swinging of two or more coherent groups of generators in different parts of the system against each other at frequency range of 0.1-0.7 Hz [1] .
To ensure small-signal stability, decentralized power system stabilizers (PSSs) using local signals have been widely used for many years as a damping controller. They have been proved to be good damping sources for local oscillations and to some extent for inter-area oscillations if they are designed for various range of operating conditions. But local PSSs (LPSSs) cannot guarantee all the time stability of power systems when they are subjected to severe disturbances due to the non-linearity nature of the systems [2] .
In recent years, the main concern has become dealing with the rapid increase of inter-area oscillations as more bulk power transfer is being exchanged between areas to meet load demands. Moreover, LPSSs have limited effectiveness in damping inter-area oscillations as interarea modes are not highly observable and controllable in local signals as in the case of local oscillations. This has led researchers and power engineers to focus on developing global controllers as remote feedback controllers (RFCs) using global signals such as speed deviation between areas and/or tie-line active power to improve damping of inter-area oscillations. With the advent and enhanced technology of PMUs, it becomes easy to transmit global signals to be used as inputs to the proposed global controllers since inter-area oscillations are highly observable and controllable in global singals. Several attempts reported in the literature show developments of various designs of supervisory power system stabilizers (SPSSs) using different techniques such as H , sliding mode, and residue-based multi-level design techniques [2] [3] [4] [5] [6] [7] [8] [9] to better stabilize inter-area oscillations.
This paper extends the investigation of using global signals such as the speed deviation between synchronous generators to improve the stability and reliability of the power systems by increasing damping of electromechanical oscillations. Local PSSs equipped to some synchronous generators are tuned to damp local oscillations. The proposed SPSS design is based on the principles of fuzzy logic theory to derive general control rules which can be applied to any power system to improve small-signal stability instead of deriving control rules for each power system. Simulation results will show the proposed SPSS improves damping of electromechanical oscillations, thus, enhancing small-signal stability.
The structure of this paper is as follows: section II will briefly describe the fuzzy logic control (FLC) strategy. In section III, the proposed fuzzy based SPSS design structure and methodology is discussed. Brief description of the test system and simulation results to illustrate the performance of SPSS is shown in section IV. Section V concludes the paper. .
II. DESIGN OF AN FLC
The main idea behind FLC is the fuzzification of controller inputs, rule definitions, rule inference, and defuzzifications, Fig. 1 .
A. Fuzzification
The fuzzifications involve the transformation of crisp control variables to corresponding fuzzy linguistic variables. The types of the input variables depend on the Figure 1 . Design procedure of FLC nature of the controlled systems; it is customary in the literature to use the output error (different between output and set point) and its derivative as controller inputs for the fuzzy logic based system. Since the aim in this paper is to realize SPSS, it is reasonable and generally the case to have generators' speed deviation (ǻȦ) and its derivative d(ǻȦ)/dt (i.e. acceleration) as input signals to the proposed fuzzy based SPSS as the oscillations can be highly observable in the speed deviation as reported in the literature [3, 10] .
The fuzzified input and output signals of FLC or SPSS are interpreted into a number of linguistic variables: Fig. 2 provides an example of an input signal that has five different linguistic variables namely NB, NS, Z, PS and PB which stand for negative big, negative small, zero, positive small and positive big, respectively. The required number of linguistic variables differs from one application to another; hence, there is no specific restriction on the number of linguistic variables. However, normally odd number is used.
Each linguistic variable has a label and a membership function ȝ(x) to distinguish it from the others; the universe of discourse for each input and output is defined according to the controller designers; however, the universe of discourse or the range of fuzzified output variable of SPSS must be limited to avoid saturation and cause system instability.
B. Rule Definitions and Inference Mechanism
Designing FLC involves the definitions of the control rules in the form IF-THEN. In a way, the fuzzy system maps the input fuzzy sets to the output fuzzy sets, and this is done through control rules which create relations between input/output fuzzy sets.
In many cases, the control rules are derived based on past experience, knowledge during offline simulations, intuitions, expert operator, understanding of dynamic behavior under control, and/or engineering judgments.
An advantage of the fuzzy logic over other knowledgebased controllers is its requirements of fewer control rules due to the interpolative nature of the fuzzy control rules as in the case of SPSS design. The overlapping fuzzy antecedents to the control rules cause smooth transitions between control actions of different rules. The maximum number of the control rules depends on the number linguistic variables for each input. Table 1 is 5 x 5  decision table illustrating an example of a decision table  which is also the general control rules used by the proposed SPSS which can be applied to any power system as it will be demonstrated. The derivation of the control rules are explained in the subsequent section.
An example of the ith rule is: If ǻȦ is NB and d(ǻȦ)/dt is PM, then Vspss is NM where Vspss is the stabilizing signal of SPSS. The control rules are evaluated simultaneously to infer the fuzzy system output. The inference mechanism consists of two processes called fuzzy implication and rule aggregation. In the design of SPSS, Mamdani's implication (max-min) is used to infer the output of the ith rule [11] .
C. Defuzzification
The last process of FLC is the defuzzificaion which is a mechanism used to convert a fuzzy value/set to a crisp value/set so that the controller system can interpret the controller's action accordingly. The widely used method of defuzzification is the center of gravity or known as centroid.
The FLC design procedure just explained is applicable to any application and not restricted to the design of SPSS.
III. DESIGN METHODOLOGY AND CONTRL RULES

A. Proposed Fuzzy Based Supervisory Power System
Stabilizer In the proposed design structure, the basic idea is to have one synchronous generator as a reference generator, G o , so that each input signal injected to the proposed SPSS will be the speed deviation difference ǻȦ ni between the speed deviation of the reference generator, ǻȦ o , and the speed deviation of the ith generator, ǻȦ i , to which SPSS signal is applied:
Since the fuzzy controller requires at least two input signals for the fuzzy control rules to be evaluated, the other input signal will be the derivative of each ǻȦ ni cacluated in (1) for the ith generator. For this design structure, the number of the stabilizing signals generated from the SPSS is equal to n-1, where n is the number of synchronous generators in the multi-machine model only to which SPSS is going to be applied. In other words, synchronous generators which are not treated as reference generator will be influenced by the SPSS's outputs as long as the corresponding ǻȦ ni (i.e. speed deivation difference between reference and ith generator) is injected as an input to the SPSS. To illustrate the idea, Fig. 3 demonstrates the structural technique behind the proposed SPSS Vspss i represents the proper stabilizing signal that will be introduced to the excitation system of the corresponding ith generator, as in Fig. 4 , to increase the damping torque of the ith synchronous machine and consequently improve the overall system damping as simulation results will show later on. The proposed fuzzy based SPSS uses the derived general control rules, Table  1 , to evaluate the system operating condition so that the proper stabilizing signal is generated to ensure smallsignal stability.
Synchronous generator, G o , is always taken as a reference generator on the basis that G o is always assumed and considered to be connected to the slack node in the power flow calculation in MATLAB/SIMULINK. The advantage of this structural design is that the boundaries of areas/regions (which contain a group of synchronous generators) disappear and have no significance or meaning and most importantly have no adverse affect on the behavior of proposed SPSS. This is important because the speed deviation difference calculated, ǻȦ ni , is not influenced by any new system configuration that might form as a result of load change or power generation change. In other words, the speed deviation difference between a reference generator and the ith generator as mentioned before remains the same regardless if this ith generator becomes a member of another area or not.
B. Fuzzy Control Rules
The general control rules used for the proposed fuzzy based SPSS which is applicable to any power system are derived based on the benchmark four-synchronous generator two-area power system defined [12] . MATLAB/SIMULINK is used to model the system. The proposed approach is first to measure the shaft speed deviation of a synchronous generator. However, any fuzzy-based controller requires at minimum two input signals; therefore, the second signal is the acceleration. Once the tools are determined to measure the speed deviation and to obtain its derivative (acceleration signal), the fuzzy control rules can be derived based on the observation of the time responses of the two input signals and also on the knowledge and behavior of power system stabilizers. Although this is the general idea for singlemachine infinite bus system, the same approach is applied to the multi-machine system (2-area 4-machine model). This is done by observing the speed deviation and its derivative time responses of the benchmark power system model to derive the control rules in order to determine the proper actions taken by the proposed fuzzy based SPSS. And based on the reaction of the benchmark multimachine model to the designed SPSS, the control rules for the proposed SPSS are thoroughly test on various and larger test systems, one of which is demonstrated in section V.
For the benchmark base system (2-area 4-machine model), a unit step disturbance is applied to the system to observe the speed deviation and acceleration signals. As for the inputs, since we are dealing with a multi-region model, the speed deviation of each area is averaged and the difference between the two areas is calculated assuming the generators in each area swing coherently against each other Each input of the SPSS is divided into 5 fuzzy sets, Fig.  5 . Thus, 25 control rules (5 x 5) are derived and demonstrated in Table 1 . Each fuzzy set is assigned a linguistic variable as negative big (NB), negative medium (NM), zero (Z), positive medium (PM), and positive big (PB) as explained before. And the range of each input is determined based on either past experience, trial and error and/or desired performance (i.e manual tuning). Determining the appropriate range of the input signals is one of the subtleties of designing SPSS because if the range of either input signal to SPSS is not appropriately determined, the stabilizing signals injected to the power system could limit the effectiveness of the global controller as well as could cause the system exhibit very high frequency oscillations and never reach steady-state condition.
The output of the proposed global controller, Fig. 6 , is also divided into 5 fuzzy sets whose linguistic variables are the same as the inputs. From the knowledge of using conventional power system stabilizer, the output range of the global controller (i.e. SPSS) is chosen to be between <-0.1 -0.1> to avoid saturation (i.e. terminal voltage high excursions and system instability).
IV. CASE STUDY
A. System Description
Since the benchmark power system is used to define SPSS rules, 16-machine 5-area dynamic test model, Fig.  7 , which is taken from [13] is used to validate the proposed SPSS and the general control rules. This is a reduced order equivalent of the inter-connected New England Test System (NETS), New York Power System (NYPS), and dynamic equivalents of the three neighboring areas inter-connected to NYPS. Each synchronous generator is represented by 5 th order dynamic model whose nonlinear differential equations can be obtained in [12] . The only local PSS as reported by [13] is installed in at G9.
Assuming there are enough PMUs available, the required global information explained before is sent to the to the supervisory control centre which in turn sends the global signals to the proposed SPSS to generate the stabilizing signals injected to the appropriate synchronous Fig. 8 ; whereas, the range of the membership function of the output is previously shown in Fig. 6 .
B. Simulation Results
The initial steady-state model described in [13] is disturbed with a three phase fault at bus number 60 for fault duration of 100 ms starting at simulation time equal to 3 sec without assumption of time delay. For the purpose of demonstrating the effectiveness of the proposed control SPSS scheme, some generators' responses in different areas are presented. Figures 9-10 represent the dynamic responses of generator 14 and generator 15 (i.e. equivalent generators) with and without SPSS in the system. 
C. Influence of Time Delay
Since communication components are used to exchange data with SPSS, it is known from the literature that a long time delay might have detrimental consequences to the closed-loop stability and might neutralize the SPSS effectiveness to a lower level [5] . With recent technology of PMUs, the longest time delays that might happen is 10 ms or less. To examine the influence of different time delays on the supervisory power system stabilizer, the test system is disturbed with an extreme case of two disturbances at the same time: a unit step change of %0.05 is applied to the voltage reference of G16 and to the load reference of G1. Figures 13-14 show the response of G16 with different time delays.
It is observed that SPSS performance is satisfactory as long as the time delay does not exceed 30 ms. However, when the time delay is 40 ms, the system becomes unstable as clearly noticeable from Fig. 14. V. CONCLUSION This paper presents fuzzy based supervisory power system stabilizer using wide-area measurements to improve stability of the power system. The first input to the proposed FSPSS is speed deviation between a reference generator and ith generator, and the second input is merely derivative of the first input signal. The proposed FSPSS structural design uses general control rules based on the benchmark 2-area 4-machine system. Simulation results performed on 5-area 16-machine test system demonstrate the applicability of the proposed FSPSS to any power to enhance damping of electro-mechanical oscillations, thus, ensuring small-signal stability. It is observed that long time delays (40 ms and above) has detrimental consequences on the performance of the proposed FSPSS.
